the future, we need to understand the commuting situation and examine the measures undertaken to deal with problems. However, results from the surveys that were previously conducted did not provide sufficient detail to deeply understand the behavior and the situation of commuters returning home. In this study, we analyzed the Twitter tweets that mentioned Roppongi Dori Avenue, Meguro Dori Avenue, and Komazawa Dori Avenue in Tokyo within 24 hours after the earthquake. We found that location information in tweets could be treated as trip data to determine changes in the local traffic volume and traveling speed. By analyzing tweets, we can provide traffic information to commuters after a disaster.
INTRODUCTION
At 14:46 on Friday, March 11, 2011 , the TohokuPacific Ocean Earthquake occurred; its epicenter was at Sanriku. This earthquake had a majorimpact on the transportation facilities in the Tokyo metropolitan area, including the suspension of the railroad service, and people found it considerably difficult to return home. According to the report of the Measures Council for Stranded Commuters by an Tokyo Metropolitan Earthquake (Round 2) 1) , the number of people who were unable to return home on March 11, 2011 , was approximately 5.15 million or 30% of the people who were on the road at the time. In the report of the Central Disaster Management Council regarding the earthquake, reference was made to stranded commuters in the Tokyo metropolitan area 2) . Considerable interest in the matter has increased, and measures have been suggested, including the publication of maps to assist stranded commuters. Our study is the first to consider the situation as a social problem to fully understand the effects of this event in order to be prepared for similar disasters in the future.
Surveys are a means to understand the feelings and circumstances of the general population regarding past events. A survey regarding the activity of returning home after the Great East Japan Earthquake was conducted by Survey Research Center Co. Ltd.
3), 4) and Weathernews 5) . However, the questionnaire relied on the respondents' memory of past events; therefore, the details may not be accurate. For example, respondents may not be clear about the location of past events, may be unable to provide details about what took place, and may be unable to recall the exact time when something occurred. Further, by the time they answered the questionnaire, their impression of the past event may have changed from what actually happened. Therefore, questionnaires do not always faithfully reflect the situation at that time. Therefore, in this study, we focused on Twitter posts (tweets) 6) . Because the tweets were posted in real time, they reflected the events, actions, and thoughts of people immediately in relatively more detail. After the earthquake, telephone lines became congested, and other telecommunication channels became limited 7) . However, mobile packet communications were not subjected to the communication limitations as shown in Table 1 7) . In addition, the Twitter servers did not fail; therefore, Twitter was available, making it the only service that could actually monitor the events, actions, and thoughts of the people in real time. If these data can be analyzed and the real commuting situation can be determined, then we can obtain very useful knowledge to tackle the problem of stranded commuters in the future.
In this study, we analyzed tweets to understand the flow of information among people when commuting after an earthquake.
COLLECTION AND PROCESSING OF TWEETS (1) Twitter
Twitter is a social network that mainly consists of 140-character posts called tweets. Japan has more than 10 million Twitter users 8) , and this social networking site is used by individuals, as well as by the government and by businesses, to disseminate information and to promote goods. The tweets on Twitter are posted by individual users and can typically be viewed by anyone. Further, one-on-one communication between users is also possible.
One of the most significant advantages of Twitter is its real-time nature. The user can post a message at any time through various devices. A message can be removed after posting; however, unlike blogs, the time or the content of a post cannot be modified. In addition to embedding web links and images in tweets, the latitude and longitude information (geotags) of the user can also be included. Further, if the device is equipped with GPS, the user can add geotags automatically; however, such tweets are very few.
(2) Procedure for collecting and processing tweets
The tweets were collected and processed as shown in the flowchart in Fig. 1 and as described below.
a) Obtaining tweets
In the study, we focused on the commuters who were returning home from the middle area to the southwest area of Tokyo. To efficiently extract the tweets of this target population from the huge volume of tweets, the names of major streets were selected as sampling keywords. The assumption was that the target subjects were likely to walk through these major streets and post tweets about their status with the names of the streets as they head home on the day of the earthquake.
Extracting tweets with more street names would have been ideal; however, we selected the three major streets (Roppongi Dori Avenue, Meguro Dori Avenue, and Komazawa Dori Avenue) due to the limitations of manual mining. Fig. 2 shows these streets. The time period for our analysis was the 24-hour period after the earthquake (starting at 14:46 on March 11). Using Google's Real-time Search 9) and Twitter's GET users/search API 10) , we obtained all the tweets of a person who posted at least one tweet containing the selected street names during the target time period. Non-commuting tweeters, who were easily identified based on their tweets, were removed from the dataset to focus on the commuters heading home. The numbers of tweets and users are shown in Table 2 . We extracted the tweets of 644 people. Judging by the contents of the tweets, only 100 people were clearly recognized as commuters and the rest could not be confirmed. However, considering the situation of that day, we assumed that most of the people were commuters returning home. The result of the analysis shown in the following sections support this assumption.
b) Extracting tweets posted by the users
From the tweets obtained, we discarded retweets (RTs) or tweets quoted by others.
c) Adding geotags to tweets
To conduct a location-based analysis, we manually added geotags to as many tweets as possible, in addition to the geotags that had been attached in advance. First, geotags attached to the tweets were used as the positions of the tweeters. Second, photographs and place names on tweets were used as clues to identify the locations. Third, if a tweet did not include any hints, we compared it with several other tweets in a sequence and estimated the tweeter's position. Last, we removed tweets that seemed incongruent or beyond normal human behavior. In order to use more tweets, geotags were estimated with priority given to the volume of tags than to the precision of the locations. Fig. 3 shows an example of a single user's path, identified by the method explained above. Markers A, B, and C were placed at estimated points where the user tweeted sequentially. Originally, these tweets did not have geotags, which were estimated as follows: First, tweet A included only the name of an intersection; therefore, the geotag was added as the location of the intersection. Second, the user attached a photograph (Fig. 4) of another intersection in tweet C; the location of this tweet was determined based on the photograph. Although tweet B did not provide enough clues, we estimated the location to be between the locations of tweets A and C.
The locations of tweets were plotted on the map as shown in Figs. 5 and 6. In addition to the three target streets, we tracked the movements of the users up to Kashiwa in the north and Chigasaki in the south. The addresses of the geotagged tweets were further identified using the Google Maps API and reverse geocoding 11) . 
UNDERSTANDING THE COMMUTERS' FLOW BEHAVIOR BASED ON TWEETS (1) Traffic cross sections
The cross sections were set to a main point based on the location estimated by geotagging. We calculated the volume of traffic passing through the intersections and we noted the time when traffic passed through. Fig. 7 shows the movement of the users (vertical axis) and the change in the spot traffic volume per hour of east-to-west movement (horizontal axis) on Roppongi Dori Avenue and Komazawa Dori Avenue. Fig. 8 shows the same details for Meguro Dori Avenue. In the figures, the graphed distance started from Roppongi Dori Avenue and continued to Komazawa Dori Avenue via the Shibuya Station. Approximately 88% (165) of the 188 people on the Roppongi-Komazawa route and approximately 87% (73) of the 84 people on the Meguro route moved in the east-to-west direction only. Further, 164 people on the Roppongi-Komazawa route (87%) and 71 people on the Meguro route (85%) completed their movements on March 11. Although the restored railroad was in operation all night, one of the reasons for the movement of people was probably to move to a safer location in the 24 hours following the earthquake. The peak of the city's traffic started at approximately 18:00, which indicates that many people attempted to return home at their usual time. The peak hour understandably shifted to a later time in the suburbs based on the actual movements of the returning commuters.
(2) Traveling speeds
Considering the tweets between points to be a movement in a straight line, we determined the travel speed between cross sections. First, the average travel speed between Nishi Azabu in Roppongi Dori Avenue and 2 Chome in Shibuya was estimated to be 3.8 km/h (Fig. 9) . Next, the distribution of the travel speed between Nakameguro in Komazawa Dori Avenue and Gohongi is shown in . 10 . When the speed was more than 12 km/h, the tweets indicated that the concerned commuters had taken the Toyoko line. Further, when the speed of 9 km/h (which is close to 12 km/h) was removed from the analysis, the average speed was 4.1 km/h. Thus, when the average travel speeds of 3.8 km/h and 4.1 km/h were compared to the general long-distance walking speed of 4.0 km/h 12) , no significant difference was found, suggesting that the users walked at almost normal speed on the selected routes.
However, in the long distance of the RoppongiKomazawa route, the travel speed decreased to around 3 km/h. Because the distance traveled was long, the commuters might have stopped for a break, lost their way, or slowed down because of fatigue.
UNDERSTANDING THE COMMUTERS' THOUGHT BASED ON TWEETS
Because Twitter consists of real-time posts, the sentiments of the commuters could have been expressed in their tweets. Therefore, we expected to understand the situation in detail by analyzing the tweets. The attempt is described below.
However, the characteristics of Twitter users are difficult to determine because of anonymity, although their profiles and tweets might provide clues in certain cases. We could not classify users; therefore, we simply analyzed tweets without considering the effects of the users' characteristics, although the data are likely to have some bias.
(1) Detailed comparison of tweets and the survey
The reasons why the commuters were going home were collected from the contents of the tweets and listed under the item "reasons for returning home." To compare the tweets analysis with the existing surveys, items were extracted from the tweets and aggregated into classifications, based on the item classification of two surveys conducted over the Internet by Survey Research Center Co. Ltd.
3), 4) , and Weathernews 5) . The result of this itemization and the results of the existing surveys are shown in Fig. 11 .
This study shows the percentage of the situations that could be judged as reasons for going home. Several terms in the tweet contents were relevant to the reasons for going home, but only three items were added to the list, namely, "worried about my pet," "work is over," and "worried about the house (building or room)." In existing research studies, the reason with the highest percentage was "going home because it looks like I am able to," and the next highest was "because I was worried about my family." On the other hand, in the tweet contents, the most often stated reason was "because I was worried about my family," and the second was "because I was worried about my pet. " Pets had not been considered in other studies; however, in this study, we found that some people decided to return home that day because they were concerned about the condition of their pets, as well as the condition of their human families. Further, although Twitter users could have used their mobile devices to obtain information about the restoration of transportation, very few people returned home simply because of the availability of transportation. This reason was omitted in the existing surveys. Even if the restoration of transportation was the reason for the decision to return home, it might not have been considered sufficiently important to tweet about. (2) Morphological analysis Using the morphological analyzer ChaSen 13) , which divides sentences into words, we broke down the tweets that could be geotagged into words and analyzed the trends.
The most frequently occurring word was "@." In addition to being used as "at" showing the location, "@" primarily indicates a user on Twitter, when used in the form of "@userid" to communicate. Similarly, "RT" is used when citing the tweets of others and adding the user's own comments. Thus, it is evident that Twitter has been used as a means of communication. Out of 5989 tweets, 2364 "@userid" tweets (39%) were used to interact with specific users. Further, at intervals of approximately 10 words, the morpheme indicating the contents of the communication such as "safe," "thank you," and "okay" appear. In the 2364 tweets that were used for communication, words indicating an exchange of information about safety such as "safe" and "ok," including the expression of gratitude "thank you," occurred frequently, showing the type of communication that took place immediately after the earthquake.
Many tweets also conveyed the user's present location using words such as "@," "am," and "now," and the place that was most frequently mentioned was "Shibuya." One of the features of Twitter is that the user records the status of his movements even when he is not communicating with a specific person. (3) Combined analysis of tweet contents and geotagging First, the tweets related to "damage" were extracted, classified, and mapped using geotagging, as shown in Fig. 12 . Regular expressions were used to extract 43 tweets out of 5989, constituting 0.7% of the total number. From the appearance of the person's own room or workplace to the status of buildings on the path, the situation became apparent from the contents of the tweets. Tweets, such as "the glass window of the 3rd floor of a building on Roppongi Dori Avenue is broken and the sidewalk is blocked," provide small pieces of information about roadside conditions -facts that are unlikely to appear in official traffic information.
Next, tweets related to toilets were extracted, classified, and mapped using geotagging, as shown in Fig. 13 . The number of tweets extracted was 54 out of 5989 tweets, 0.9% of the total number. Apart from the toilet being usable, additional information about long lines of people waiting to use it suggested that it must have been difficult to access. Out of the 23 tweets related to the use of the toilet, 5 tweets were about Shibuya and Bunkyo-ku and 18 tweets were about Ota-ku, Meguro-ku, Setagaya-ku, and Yokohama City, indicating the greater use of toilets in the suburbs, probably because a long time had passed since people had left their workplace. Although some Twitter users sent information about the locations of working toilets, other users tweeted about not knowing the location of a nearby working toilet, which indicates the difficulty in accessing local information.
Furthermore, we analyzed the situation of commuters by classifying their tweets based on trip distances estimated by geotags. In this paper, we focused on the frequency of words appearing as well as the changes in the frequency. That is, we used the ratio of the probability of the appearance of each word to the probability of the appearance of all words. The result is shown in Table 5 . In cases where the trip distance was shorter than 5 km, we found more words that were typically used soon after earthquakes, such as "scare" or "escape." On the other hand, in cases where the distance was longer than 10 km, words such as ''painful'' or ''foot'' appeared more often, reflecting the exhaustion of commuters after walking this distance. Nakabayashi 14) indicated a walking limit of 20 km; therefore, people would find it difficult to walk over 10 km on their return. This was in agreement with the result obtained in our study. Indications of the feeling of difficulty and exhaustion did not appear often in tweets where the commuters walked less than 10 km. This result suggests that a distance of less than 10 km can be a criterion in deciding whether to walk home.
CONCLUSION
In this study, we analyzed Twitter data that documented the events surrounding Tokyo commuters returning home after the Great East Japan Earthquake on March 11, 2011 , including the behavior and awareness of the affected people. As a result, we could understand in detail the situation as it was at that time, including the traffic cross sections, travel speeds, reasons for returning home, roadside conditions, commuters' thoughts while moving, and the change in the awareness while walking different distances, which would have been difficult to gather through questionnaire surveys conducted later. For example, the presence of pets as a reason to return home was a distinctive trend that would not have been found in other questionnaire surveys. The roadside situation seen while the person was moving, such as the damage to a building or indoor areas, also became clear. The number of tweets about aching legs increased as people walked longer distances; therefore, we positively established that many people who walked in excess of 10 km felt extremely fatigued. Approximately 39% of the tweets with geotags provided location information to other users. Because tweets were used by users to confirm each other's safety, and collecting information at a time when conversation was difficult, the need for a secure source of information after a disaster is underscored.
On the other hand, using Twitter data for behavioral analysis also has some problems. Table  6 compares the characteristics of surveys using Twitter and surveys using questionnaires. In terms of the credibility of data, Twitter is less plausible than questionnaires because Twitter users can be malicious when protected by anonymity. However, responses to surveys that are filled out later may be less accurate as more time has passed after the event. Because tweets are posted in real time, users document events as they perceive them at the time. In addition, past information is available in Twitter's archives. (Twitter became available in June 2006) Furthermore, the circumstances faced by some users could be understood in detail without much effort from the subjects.
Although Twitter provides precious information, it has some problems in terms of bias in Twitter users. For example, people over the age of 50 constitute 44% of the entire Japanese population 15) ( Fig. 14) , whereas Twitter users in this age bracket constitute only 24% of the total number of users 8) . In addition, there are more men than women Twitter users. Therefore, results of any study using Twitter . data could be affected by bias, because users register anonymously. Identifying and classifying their characteristics could be difficult. Furthermore, Twitter users post only what they want to, further increasing the bias in Twitter data. Even trivial things may get recorded in Twitter if the user finds it noticeable; however, it will not be recorded if s/he thinks it is not sufficiently important to tweet. Such unrecorded information could be difficult to obtain. Furthermore, Twitter is an information network, and only connected users in an environment where information is available can post relevant tweets. This means that relevant data cannot be obtained from users who are not connected to the network.
Although analysis was mostly manual in this study, automation is necessary when handling a large number of users and tweets. Adding location information can be difficult without geotagging. Another concern is the analysis of tweets that were written in the user's own writing style using colloquial or specialized language.
The results of this analysis using tweets must be regarded with the following considerations: First, because the proportions of younger people and of males are greater in the Twitter userbase compared to the general population, the walking speed could be faster than the average for the general population. Second, wrong or exaggerated tweets could have affected the results, although we checked every tweet manually to filter these out. However, we believe that our results reflect the situation at the time.
Twitter data depend on the user's spontaneous transmission of information. Because people do not necessarily tweet about everyday traffic as they travel, the methodology used in this study may not be appropriate to use as is. However, the results of this study show that, in unusual situations, including disasters such as this, a considerable number of tweets accompanying movements can be accumulated, thus making Twitter very useful as a real-time data source.
